I. INTRODUCTION
Rare-earth oxides have unique properties that make them versatile functional materials in many applications, including phosphors, 1 catalysts, 2 and fuel cells. 3 One of these applications is to dope rare-earth sesquioxides into BaTiO 3 -based multilayered ceramic capacitors (MLCC) for performance improvement. 4 Recently, with the trends toward thinner dielectric layers and miniaturization of MLCC components, a nano-sized rare-earth oxide dopant has become a necessity. Nanoparticles are nanometerscale aggregates of atoms. Their size gives them physical and chemical properties different from those of conventional bulk materials, caused by size-dependent surface effects or quantum-mechanical and coulomb-charging effects. Hence, they present an attractive potential for technological applications. 5 The synthesis methods of nanoparticles can be classified into two categories: chemical methods, such as solgel, 6 hydrothermal, 7 and hydrolysis processing 8 ; and physical methods, including laser ablation, 9 flame spraying, 10 and plasma spraying. 11 Inductively coupled radio frequency (rf) plasma spraying, as one of the physical processing methods, has been used in a variety of industries to synthesize metal, alloy, ceramic, and composite nanoparticles. 12, 13 It has advantages such as high temperature and high enthalpy density, flexibility in pressure and atmosphere, and minimum contamination. However, there are still a few challenges to overcome. One of these challenges is that the poor flowability of the starting material restricts its smooth flow through the spray nozzle and reduces the momentum that the particles acquire for penetrating the plasma jet. To solve this problem, a novel process known as suspension plasma spraying (SPS) was introduced. 14, 15 The suspension, made by dispersing starting material in a liquid carrier, is injected into the plasma jet by an atomizing gas to form a stream of fine droplets that are vaporized instantly. Afterward, the particles contained in each droplet are partially or completely melted and vaporized and condensed into nanoparticles. It was demonstrated that suspension feeding is a much more efficient way to feed fine particles with low flowability, which would otherwise require an overly high carrier gas flow rate, thus greatly disturbing the plasma jet. 16 In this work, suspension spraying was carried out on an inductively coupled rf plasma system to synthesize Y 2 O 3 nanoparticles. By comparing the size and morphology of as-sprayed particles, the effects of various suspension solvents and plasma gases on the processing were studied.
II. EXPERIMENTAL PROCEDURES
Y 2 O 3 particles (AMR Technologies Inc., Oxfordshire, UK, purity 99.5 wt%), with a size distribution of ∼1-15 m and irregular shape (Fig. 1) , were used as starting materials and dispersed in deionized water, ethanol, and acetone to form various suspensions. Three concentrations of suspension were made for water solvent suspension to study suspension concentration effects. Suspension spraying was carried out on a 35 kW Tekna Plasma System (Sherbrooke, Canada) with a 3 MHz rf plasma torch (PL-35). Argon was used as plasma central, sheath, and atomization gas with a flow rate fixed at 20, 50, and 6 slpm (standard liters per minute), respectively. To study the influence of plasma gas on the synthesis, an additional spraying of acetone suspension was conducted using an Ar/O 2 mixture (1:1 ratio) for both the sheath and central gas. All sprayings were done at a power supply of 21 kW and a chamber pressure of 5.332 × 10 4 Pa. Experiment variables are listed in Table I . The suspension was fed at a constant rate by a peristaltic pump and was atomized by Ar gas before being axially injected into the center of the plasma plume. After plasma treatment, the material was quenched at an extremely high rate and subsequently collected by cyclone into two different chambers according to their sizes.
The particle size and morphology of the starting material and as-sprayed particles were studied using a Fritsh Analysette 22 Laser Particle Sizer (Darmstadt, Germany), a Malvern Zetasizer Nano ZS (Worcestershire, UK), scanning electron microscopy (SEM; JEOL JSM 6340F, Tokyo, Japan), and transmission electron microscopy (TEM; JEOL JEM 2010). Elemental analysis was performed using x-ray fluorescence spectrometry (XRFS, Philips PW 2400, Eindhoven, The Netherlands).
Sample purity was checked by collecting x-ray diffraction (XRD) data in Bragg-Brentano geometry with a Shimadzu 6000 diffractometer (Kyoto, Japan) equipped with a Cu K ␣ source, fixed divergence slits, primary and secondary sollers, a secondary graphite monochromator, and a scintillation counter. The XRD instrument resolution was determined by measurement of standard LaB 6 (NIST SRM 660a) 17 employing the fundamental parameter approach as implemented in TOPAS. 18 TOPAS is a graphics based profile analysis program built around a general nonlinear least squares fitting system, specifically designed for powder diffraction line profile analysis. Quantitative phase composition, lattice parameters, and mean crystallite size were obtained by Rietveld refinement.
III. RESULTS AND DISCUSSION

A. Effects of suspension concentration
Initially, deionized water was used for Y 2 O 3 suspensions at concentrations of 10, 20, and 30 wt%. During plasma spraying, the suspension was gas-atomized into droplets and fed into the plasma plume, which has a temperature up to 9000 K. 19 The droplets were flash dried through liquid vaporization, followed by partially melting and vaporizing of the particles. The vapor phase subsequently underwent an extremely fast quenching and condensed into nanoparticles, while the partially melted particles became micron-sized particles. 20 ), identical to the starting material. Particles synthesized from 10 wt% suspension had less micron-sized spherical particles and nanoparticles than those from the 20 and 30 wt% suspension due to the concentration difference. During suspension spraying, the plasma provided energy for both droplet drying and particle melting and vaporization. Y 2 O 3 has a very high thermodynamic stability (T m ‫ס‬ 2430°C) and requires a high energy to melt and vaporize. However, the 10 wt% suspension had a relatively higher content of water and thus consumed a large proportion of the total energy. When the water content was decreased (20 wt% suspension), undoubtedly there was more energy left for particle melting and vaporization. Thus, the quantity of micronsized spherical particles and nanoparticles increased accordingly. However, a 30 wt% concentration did not improve the result further. This could be associated with the fact that the corresponding particle feed rate was too high for the limited plasma power of 21 kW, even though the energy share for particles increased due to the decreasing water content. Another disadvantage of 30 wt% suspension is that clogging occurred from time to time during spraying, leading to an inconsistent feeding and heat treatment. To summarize, a compromise of the water and particle ratio is necessary to guarantee a comparatively high enthalpy share for particles as well as a good flowability.
B. Effects of organic solvents
Because water consumes a large portion of the plasma energy during vaporization, organic liquids are preferable because they absorb less energy when vaporized and thus can increase the enthalpy of the plasma. In view of this, ethanol and acetone were used to prepare 10 wt% suspensions for spraying. Compared with the result of water solvent [ Fig. 2(a) ], the as-sprayed particles using ethanol and acetone solvent had fewer irregular-shaped particles and more spherical micron-sized particles with . However, these particles had a fluffy appearance and unusual dark color in contrast to the white-colored Y 2 O 3 starting material. Through x-ray fluorescence (XRF) analysis, a carbon element was identified to be present in addition yttrium and oxygen. The analysis of the powder XRD patterns presented in Figs. 3(a) and 3(b) clearly indicates the presence of several impurity phases besides cubic phase Y 2 O 3 . There are several impurity peaks and a structured background, which is characteristic for the presence of amorphous phases. Most impurity peaks could be attributed to a previously unknown yttrium oxycarbide (Y 2 O 2 C 2 ), which is isotypic to La 2 O 2 C 2 reported by Butherus and Eick. 21, 22 The weight ratio of Y 2 O 3 to Y 2 O 2 C 2 in the nanoparticles was refined to 92:8 for ethanol solvent spraying and 90:10 for acetone within the margins of error. Three remaining weak reflections must be attributed to a presently unknown compound. The refinement result of acetone suspension spraying is shown in Fig. 4 . Energy dispersive x-ray (EDX) mapping of the nanoparticles ( 
Apparently, carbon was superfluous because there was not enough oxygen during the reactions. The surplus carbon could probably be the main constituent of the amorphous phase due to the extremely high cooling rate. To eliminate the impurities, the nanoparticles were calcined at 700°C in air for 6 h to decompose Y 2 O 2 C 2 and convert the carbon into carbon dioxide. After calcination, the particles returned to a white color accompanied by a weight loss of 14.1%, and no particle size increase was observed. Finally, productivities of Y 2 O 3 nanoparticles were calculated as 3.6 g/h for ethanol suspension and 5.1 g/h for acetone suspension, in comparison with 1 g/h for water suspension. The morphology of the amorphous phase before calcination was shown in Fig. 6(a) . After calcination, the amorphous phase disappeared. The TEM diffraction pattern [ Fig. 6(b) ] and high-resolution micrographs [ Fig. 6(c) ] of the calcined nanoparticles showed that they were monocrystalline and well-dispersed. Phase analysis of XRD patterns in Figs. 3(d) and 3(e) confirmed that the reflections that belong to the impurities presented in Figs. 3(a) and 3(b) disappeared completely after calcination, and the calcined nanoparticles were pure Y 2 O 3 in cubic phase. Therefore, it can be deduced that the unknown impurity might be a metastable phase formed by Y, O, and C at high temperature and retained at room temperature, since the high quenching rate could "freeze" the high-temperature equilibrium structure. Heat treatment was successful in removing the metastable phase, as reported by our previous research. 23 The size distributions of as-sprayed nanoparticles from organic solvents after calcination as well as that from water solvent were measured by Malvern Zetasizer Nano ZS and are shown in Fig. 7 . It was found that the mean particle size decreased in the order of water, ethanol, and acetone solvent. This trend was confirmed by the peak broadening effect of the corresponding XRD patterns in Figs. 3(c), 3(d), and 3(e) .
Because all the processing parameters were fixed, evidently the morphology and productivity discrepancies of both as-sprayed micron-and nano-sized particles arose from the various solvents. In suspension spraying, the solvent vaporized first, consuming a considerable portion of energy for its vaporization and decreasing the plasma enthalpy. As the heat of vaporization of water is much higher than those of ethanol and acetone (Table II) , at the same suspension concentration and feed rate, the water solvent consumed much more energy than the organic solvents. In addition, the organic solvent might have combusted partially and contributed to the plasma enthalpy. Hence, with a fixed plasma power, the plasma enthalpy share left for the melting and vaporization of Y 2 O 3 particles in water suspension spraying was much less than those in organic suspension sprayings, which explains the quantity and size difference of micron-sized spherical particles in Fig. 2 .
As for nanoparticles, the mechanism is in some ways different because the nanoparticles came from vapor phase condensation. For the same material, the productivity of nanoparticles is associated with plasma enthalpy and how much the material vaporizes, whereas the size of the obtained nanoparticles depends on the supersaturation degree and quenching rate of the vapor phase. 24 After the vapor from the vaporization of the starting materials becomes supersaturated in the plasma, if the condensation kinetics permits, initial nuclei will nucleate homogeneously. Once the nucleation occurs, the remaining supersaturation will be relieved by condensation on the initial nuclei, and particle growth will occur rather than further nucleation. Therefore, to produce ultrafine nanoparticles, the first necessary condition is a high degree of supersaturation and thereby a high nucleation density, which can be achieved by increasing the plasma enthalpy to improve the vaporization of starting material when FIG. 6 . TEM pictures of (a) amorphous phase from acetone suspension spraying; (b) and (c) nanoparticles from acetone suspension spraying followed by a calcination at 700°C. other parameters are fixed. In addition, after nucleation, quenching rate becomes another crucial factor as it can affect particle growth caused by coagulation. Hence, a high quenching rate is the second necessary condition for ultrafine nanoparticles. For the same plasma and particle velocity, the quenching rate is determined by the temperature gradient from the plasma plume to the lower part of the reactor, which is related to the plasma enthalpy and the cooling efficiency. In this study, the plasma enthalpy varied with different solvents. According to Table II , acetone has the lowest heat of vaporization and highest heat of combustion, thereby inducing the highest plasma enthalpy, followed by ethanol and water. Accordingly, their supersaturation degree and nucleation density decreased in the order of acetone, ethanol, and water. As far as the quenching rate is concerned, the temperature of the lower part of the reactor can be regarded as constant because the cooling water flow rate was so high that the long-range influence from plasma plume can be ignored. Consequently, the acetone solvent experienced the highest quenching rate because of its highest plasma enthalpy and temperature, followed by ethanol and water. In view of the above two reasons, the mean size of the as-sprayed nanoparticles should increase in the order of acetoneethanol-water solvent, which is in accordance with our results in Fig. 7 . The size distributions of the nanoparticles from various suspensions were also different, with a broadening trend in the order of acetone-ethanol-water (Fig. 7) . This diversity could be attributed to the nucleation density and quantity of initial nuclei. A higher nucleation density resulted in more initial nuclei; thereby, the succeeding condensation was distributed homogeneously over more nuclei. As a result, the individual particle growth rate was lower and the size divergence smaller. Therefore, according to our study, elevating the plasma enthalpy had double benefits of reducing mean particle size and narrowing the size distribution.
C. Effects of O 2 gas
As mentioned previously, impurities such as Y 2 O 2 C 2 were formed during organic solvent suspension spraying because of the decomposition of organic solvent and superfluous carbon. To solve this problem, oxygen was introduced into the plasma as both sheath and central gas with Ar at a ratio of 1:1. After spraying, the XRD profile [ Fig. 3(f) ] and its refinement results indicated that the as-sprayed particles were pure Y 2 O 3 in cubic phase, denoting that the organic solvent was completely combusted and there was no carbon impurity in the particles. In addition to facilitating organic solvent combustion, O 2 gas also helped with the particle melting and vaporization by providing a considerable high enthalpy twice as much as that of Ar. This is attributed to the recombination of oxygen atoms at beyond 4000 K in the plasma. 25 The morphology of as-sprayed micron-sized particles from spraying described above [ Fig. 8(a) ] shows that all particles were spherical, indicating a much higher heat treatment degree than that of Ar plasma. Besides, the productivity of nanoparticles increased to 8.4 g/h. The TEM image in Fig. 8(b) and the size distribution curve in Fig. 7 of the nanoparticles from Ar/O 2 plasma spraying show that the mean particle size decreased further and the size distribution became narrower than those from Ar plasma spraying. Using the Rietveld refinement method, further investigation on the crystallography of as-sprayed nanoparticles by Ar/O 2 in comparison with Ar was conducted. The results in Table III show that the lattice parameters in this study are slightly larger than those from other research. 26 Further improvement of nanoparticles' size and distribution can be attributed to the higher plasma enthalpy and quenching rate caused by O 2 . With the presence of O 2 during spraying, the organic solvent combusted completely and gave out a large amount of enthalpy comparable to the power of plasma. Furthermore, the recombination of oxygen atoms helped with the energy transfer to the starting material, thus increasing the efficiency of the plasma. These two effects together improved the melting and vaporization of the starting material and created a higher supersaturation degree and nucleation density. Consequently, due to the same mechanism discussed in Sec. III. B, the productivity increased, the nanoparticles became smaller, and size distribution became narrower.
However, it can be seen from Fig. 8(a) that the size distribution of the micron-sized spherical particles was still wide. The reason is twofold. (i) The starting Y 2 O 3 material itself had a wide particle size distribution. (ii) For a given size range and processing conditions, particles' melting depends on their residence times linked to their velocity within the plasma. When they are injected via atomization probe, at the exit of the probe, droplets exhibit velocity vectors that are not all parallel to the probe axis. Besides, their size distribution also induces a divergence of momentum which is transferred by atomization gas. This divergence increases when the mean particle size decreases, especially when below 20 m.
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Because of their various trajectories and momentums, not all particles were sufficiently treated by the plasma in the spraying. For example, with the same injection velocity, large particles will cross the plasma plume easily while small ones will not. In view of the above two reasons, a relatively wide particle size distribution of the micronsized particles is inevitable.
IV. CONCLUSIONS
Y 2 O 3 suspensions with a solvent of water, ethanol, and acetone were sprayed using inductive rf plasma to synthesize Y 2 O 3 nanoparticles. To achieve a comparatively high enthalpy share for starting material particles and good flowability of the feeding, a proper concentration should be selected. In comparison with water solvent, organic solvents such as ethanol and acetone increased the plasma enthalpy significantly due to their thermodynamic properties. This facilitated the particles' melting and vaporization and elevated the supersaturation degree and nucleation density, as well as increased the quenching rate. Hence, a smaller mean particle size and a narrower distribution were obtained. However, at the same time, impurities such as Y 2 O 2 C 2 were introduced due to the decomposition of organic solvent. The employment of oxygen gas as auxiliary plasma gas with organic solvent was an effective way to eliminate the impurities. Another advantage of using O 2 was that the plasma enthalpy could be further elevated on account of the complete combustion of the organic solvent and higher heat transfer efficiency caused by oxygen recombination. Therefore, the productivity increased further, and nanoparticles became smaller with a narrower distribution. Finally, through the acetone suspension spraying by Ar/O 2 gas, Y 2 O 3 nanoparticles with a diameter around 13 nm and a narrow size distribution were synthesized at a productivity of 8.4 g/h. 
